The sinus node is an intensively researched structure in terms of anatomical, histological, electrophysiological, molecular 
INTRODUCTION
With the discovery in 1907 by Arthur Keith and Martin Flack [14] , sinus node (SN) was a favourite structure of scientific research on several areas, such as cardiology, electrophysiology and pathology. It was described as a banana-shaped spindle structure, located 1 mm beneath epicardium, in the sinus venous wall of the atrium at the junction between the superior vena cava (SVC) and right atrium, lateral to crista terminalis with a size approximately 2-3 mm thickness and 10-20 mm long [9] . The vascularisation of SN is provided by homonym artery that originated in most cases from the right coronary artery, and after an upward trajectory beneath right atrial appendage and a clockwise or counter-clockwise direction around the lower portion of the SVC, is reaching finally the SN area [1, 23] . Histologically, the SN cells are mainly located circumferentially or adjacent to SN artery, being included in a rich matrix of connective tissue with insulation properties. Although being muscle cells, nodal cells are smaller and paler than the working atrial cells and have very low sarcomeres and mitochondria [8] .
Embryologically, SN cells are considered to be immature cardiomyocytes left in an early stage of development [7, 13] . Electrophysiologically, they have spontaneous depolarisation and low contractile properties, being electrically more isolated from the rest of atrial myocardial work cells. Thus, they express specific ion channels involved in spontaneous depolarisation (e.g. HCN4), lack high speed gap junctions found in Purkinje fibres (e.g. connexin 40
[Cx40] and connexin 43 [Cx43]) and working myocardium (e.g. Cx43), being present lower conductivity junctions in relatively lower quantity (e.g. connexin 45 [Cx45]). In contrast to fibroblasts, SN cells do not have proteins involved in the organisation of cell membrane as caveolin 3 (Cav3) [3, 4, 17] .
Although the scientific aspects listed above are very well characterised on lab animals and transplanted heart tissue [5, 6] , studies assessing these issues on human tissue are still scarce or even absent.
On the human autopsy tissue, inevitably affected by post-mortem degradation, the messenger RNA (mRNA) expression yielded results that allowed qualitative and quantitative determination of gene expression in the various tissues of the body [2, 10, 12, 21, 24] . Among those, the cardiac tissue has been preferentially studied because of its involvement in the diagnosis of sudden cardiac death and a higher resistance to autolysis like any muscle tissue [11, 19, 22] .
Correlating the scientific literature regarding the cardiac conduction system cell biology and postmortem molecular investigation, we found that the gene expression of mRNAs specifically localised at the SN on autopsy tissue has not been yet addressed.
The aim of this study was to visualise and characterise the macroscopic and microscopic morphology of the SN on autopsy tissue and test the feasibility of molecular investigation, by highlighting the differences between the SN and the surrounding atrial muscle.
MATERIALS AND METHODS

Specimen collection
We analysed 4 human SN autopsy samples obtained from National Institute of Legal Medicine, Bucharest, Romania. With the intention of preserving the molecular expression and avoiding at maximum the autolysis, we selected cases with traumatic death, a relatively short postmortem interval (between 10 h and 30 h), and young age (under 30 years). We excluded any kind of documented cardiovascular pathology, macroscopic or microscopic pathological features, diabetes, lethal intoxication, chronic diseases, and hospitalisation. The ethical and legal requirements related to postmortem human tissue testing were respected.
Heart investigation and dissection
In order to obtain an anatomically complete SN area we dissected a square sample approximately 5/5 cm of atrial wall, centred by crista terminalis, with atrial appendage superiorly and 1-2 cm of pectinate and SVC sinus on each side of crista terminalis included. The techniques described here are adapted from Chandler et al. [6] .
The SN sample was removed at autopsy and immediately immersed in isopentane previously cooled at -65 o C, then stored in freezer, at -65 o C. The samples were further analysed at University of Manchester, Institute of Cardiovascular Sciences. Preparations were cryosectioned at 20 μm thicknesses and every section collected and mounted onto SuperFrost Plus slides.
Histology, IHC
Serial sections we used for identification with Masson's Trichrome staining and afterwards consecutive sections with IHC staining with primary antibody (rabbit polyclonal IgG, produced by Almone labs at 1:50 concentration) and secondary antibody (IgG, host -donkey, against rabbit conjugated with FITC green (fluorescein isothiocyanate -490 excitation and 520 emission wavelength), at 1:100 concentration, produced by Millpore). The neighbouring sections were used for RNA extraction. The sections were fixed and permeabilised by treating them with methanol at -20 o C, and washed three times in 0.01 M phosphate buffer saline (PBS) containing: NaCl 0.138 M, KCl 0.027 M, pH 7.4 (Sigma). The sections were then blocked with 1% bovine serum albumin (BSA) in PBS for 1 h at room temperature and then incubated with the primary antibodies overnight. Antibodies were diluted 1:50 in 1% BSA in PBS. On the following day, the sections were washed 3 times in PBS and incubated with anti-rabbit and anti-mouse secondary antibodies conjugated to either FITC (Chemicon) or Cy3 (Chemicon) for 1-2 h at room temperature. Secondary antibodies were diluted to 1:100 in 1% BSA in PBS. After washing 3 times in PBS over 30 min, coverslips were mounted onto the slides using Vectashield T-1400 (Vector Laboratories). Signal was detected using a confocal microscope (Zeiss LSM5, Carl Zeiss Microscopy) with Pascal software (Zeiss Microscopy). The excitation wavelength used was 488 nm for FITC and 550 nm for Cy3.
RNA integrity number, microdissection, RT-qPCR, mRNA
We tested the integrity of the RNA using Agilent NanoLabChips run on Agilent 2100 Bioanalyser, whereby, each Nanochip is pre-loaded with a gel-dye mix to fill the microchannels. 1 μL of each RNA sample is loaded into 1 of 12 wells in the NanoLabChips as well as a standard ladder (RNA 600 ladder). The dye contained within the microchannels intercalates with the RNA and an electropherogram plot of the RNA is obtained. This allows the 18S:28S ratio to be obtained, and provides a numerical value (out of 10, 1 being completely degraded RNA) interpreted from the amount of interfering noise peaks between 18S and 28S peaks.
For RNA extraction, the sections were placed in absolute ethanol and micro-dissected under light microscope. Total RNA was isolated from the micro-dissected tissue using an RNeasy Micro kit (Qiagen) according to the manufacturer's recommended protocol. The RNA concentration was measured using a Nanodrop spectrophotometer (Labtech International). 530 ng of total RNA from each sample was reverse transcribed with Superscript III reverse transcriptase (Invitrogen) in a 20 μL reaction according to the manufacturer's instructions, using random hexamer priming. Aliquots of the resulting cDNA were diluted 35-fold in water for direct use in qPCR. The relative abundance of selected cDNA fragments was determined with qPCR using an ABI 7900HT instrument (Applied Biosystems) with Power SyBr green (Applied Biosystems) and QuantiTect primer assays (Qiagen) or custom-designed primers in 10 μL reactions. All runs were 40 cycles in duration. For all mRNAs in each sample, at least 3 separate measurements were made with 1 μL aliquots of each cDNA sample and a sample PCR product for each mRNA was run on a DNA gel to check that it was the correct band size. Average cycle threshold (Ct) values were used in the E-DCt (E = efficiency of the PCR reaction) calculation. The ribosomal 28S reference gene was used to normalise the data. Outliers were excluded from the statistical analysis. These were determined using a robust statistical modified z-score method based on the median of absolute deviation.
Signal intensity measurements were then measured using Volocity software (Improvision) after background and autofluorescence correction. Semi quantitative determination of immunofluorescence signals was made using Volocity software, with the same parameters for all the samples. The detections were made with confocal microscope and Axiovision software. Significant differences in the abundance of mRNAs and proteins expression by immunohistochemistry in different tissues were identified using Excel from Microsoft Software 2010 with unpaired t-tests, when p < 0.05.
RESULTS
Macroscopic identification, dissection
After the correct detachment, the classic front view of the heart does not give us useful information (Fig. 1) , only the posterolateral and superior surface of the right atrium (Figs. 2, 3) identifies the atrial wall landmarks for dissection: sinus venarum (located between SVC and inferior vena cava) separated from atrial wall muscle by sulcus terminalis (which has a correspondent on crista terminalis endocardium [Figs. 4, 5] ). The SN specimen, on endocaridal face shows from left to right sinus venarum, crista terminalis and pectinates muscle which continues superiorly with right atrial appendage (Fig. 5) .
Direct observation and low magnification: observation of SN artery and surrounding tissue
The cross section perpendicular on crista terminalis was the reference image in this study, useful for high- lighting the structures adjacent to SN artery: pectinates muscles, crista terminalis, and SN area. We have made a comparison between similar samples, at the same level, with different techniques: -fresh section that allows direct visualisation of the SN artery as a red dot of blood expressed after compression (Fig. 6) ; -frozen section (Fig. 7) ; -direct observation by reflected light -useful for further microdissection (Fig. 8); -Trichrome Masson staining, magnifying glass (Figs. 8, 9 ); -IHS staining, double labelling Cx43 and Cav3, epifluorescence (Figs. 10, 13 ).
High power magnification: comparison between SN and surrounding tissue
Sections at high magnification (40× and 63×) allow visualisation of cellular details and a marked differentiation of cell types: -Trichrome Masson staining of the SN and atrial muscle 63× magnification (Figs. 11A, B) : the SN cells are smaller, paler embedded in rich matrix of connective tissue; the working myocytes are bigger, with less connective tissue, more stained; -confocal microscope with double labelling (Figs. 12, 13C ): Cav3 stained the membranes (red) and Cx43 the GAP junctions (green); -epifluorescence microscope with double labelling ( Fig. 13B ): lower detail due to signal summation; -semiquantification of Cx43 expression at SN compared to atrium muscle ( Fig. 14) : Cx43 has an obvious higher expression in SN compared to crista terminalis. . Autopsy sample of sinus node -transversal section perpendicular to crista terminalis: the squeezed and tractioned tissue shows (from left to right) pectinate muscles, crista terminalis, the red spot that indicates the sinus node artery, sinus venarum; Up: endocardium; Bottom: epicardium.
Figure 7.
Frozen transversal section of the sinus node sample (from left to right): pectinate muscles, crista terminalis, the sinus node artery, sinus venarum; Up: endocardium; Bottom: epicardium.
Molecular diagnosis: mRNA integrity and Cx43 expression
For a molecular diagnosis we calculated the mRNA integrity number (RIN) for each sample obtaining the results shown in Figures 15 and 16 . Afterwards, we measured the mRNA expression of Cx43 in SN and atrium muscle obtaining a significant lower value of Cx43 in SN (Fig. 17) .
DISCUSSION
Through this study we succeeded to apply previous tested techniques on lab animals and transplanted heart tissue in order to make a morpho-functional differentiation of the SN compared with atrial muscle. We also proved that the mRNA has not only a good quality but also permitted further analysis like microdissection. We showed at the SN, identified by histology and immunohistochemistry, a significant lower genetic expression of Cx43 which is a valuable confirmation of the methods used.
Withal, we have some observations that need to be mentioned: -SN dissection was necessary not to affect and not be affected by heart dissection (coronaries, heart valves, myocardium etc.). To be able to highlight the SN is necessary to cut the great vessels and pericardium at as far as possible from crista terminalis (at least 2 cm) [15, 18] . -The cross section perpendicular to crista terminalis provides the best morphology but require more sections due to variability of SN position [6] . A fastest technique was also proposed in literature with parallel sections to crista terminalis [16] . -Rapid orientation on section by reference to the SN artery is quick and useful for sampling for mRNA, but must be confirmed by subsequent adjacent sections (Figs. 7, 8 ). -Snap freezing at -65 o C in isopentane and preservation is easier than using liquid nitrogen at -80°C and with similar protein expression and gene mRNA conservation. -Classical histological staining with Masson Trichrome provides a good contrast between pink myocardial cells and blue connective tissue, but does not precisely differentiate fibroblasts from nodal cells and nodal cells from transitional and working myocytes (Fig. 8 ). -Messenger RNA was stable for the first 30 h postmortem and also after microdissection if the RNAse activity was inhibited [19, 20] .
-The best contrast is offered by immunohistochemical double staining with red cell membranes (Cav3) and intercellular junctions with green (Cx43). At overlapping places yellow appearance occurs. In the SN, myocytes are much smaller, being revealed the precise shape and size. Confocal microscope offers superior resolution and detail than epifluorescence microscope, especially on frozen sections which are thicker and the signal is altered by signal summation; Is also important how the section plane is reported to myocytes long axis (transversal/longitudinal/oblique), because it can give a false signal intensity variation, requiring several sections and an average signal calculation. -Statistical interpretation was performed after background correction and artefacts removal confirming semiquantitatively what was visually directly seen (Figs. 12, 14) . 
CONCLUSIONS
This study attempted and succeeded to apply various techniques of investigation of the SN, in order to emphasize the feasibility of morpho-functional characterisation of the cadaveric tissue. We identified and localised the SN, a structure considered virtually invisible, by showing anatomic landmarks, histological, immunohistochemical and molecular features, compared to the surrounding atrial tissue. The results, by extension to a broader caseload may allow a developed morpho-clinical correlation involving cardiac arrhythmias. An ideal technique does not exist, being necessary a comprehensive approach in order to characterise the SN in particular and cardiac conduction system in general: dissection microdissection, immunohistochemistry and gene expression.
